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Effects of reduction of renal mass on renal oxygen tension and become the standard of care over the past 10 to 15 years
erythropoietin production in the rat. [1, 2]. It has been established that the oxygen delivery
Background. It is well known that the anemia of chronic to oxygen sensing cells in the kidney appears to be anrenal failure is associated with a blunted erythropoietin re-
important modulator of the production of EPO alongsponse. However, it is not clear why this response is blunted.
with local concentrations of angiotensin II. However,Oxygen tension is an important regulator of erythropoietin
production and release, but the effect of reduced renal mass just how chronic renal failure is associated with an inade-
on renal tissue oxygen tensions is currently unknown. quate EPO response to anemia is not clear.
Methods. A computer-based simulation was used to deter- Chronic renal failure is usually characterized by a nor-mine how alterations in filtration fraction might impact on
mal renal blood flow and a decline in filtration fraction.renal tissue oxygen tensions. In addition, direct measurements
We hypothesized that the decline in filtration fraction isof oxygen tension with needle electrodes were employed, as
well as conventional physiological measurements and ELISA mechanistically linked to the decrease in EPO produc-
measurements of plasma and tissue erythropoietin concentra- tion via alterations in regional renal oxygenation. The
tions in rats subjected to 5/6th nephrectomy.
logic of this hypothesis is based upon a simulation modelResults. Remnant kidney rats had 39% and 52% decreases in
that connects renal blood flow, transport “work,” andtissue and plasma erythropoietin concentrations, respectively,
that correlated with 73% increased oxygen tensions in both gas exchange between the descending and ascending vasa
cortex and outer medulla in the remnant kidney (all P 0.01). rectae on renal oxygen and carbon dioxide tensions. In
Estimations of filtration fraction were decreased by approxi- this model a decline in filtration fraction at constant renal
mately 36% in the rats bearing remnant kidneys.
blood flow is accompanied by a decline in renal oxygenConclusions. Higher oxygen tensions were observed in the
utilization as a result of the absolute decline in filtration.remnant kidneys. We suggest that higher oxygen tensions are
The decline in filtration leads to an obligatory decline incaused by a decrease in filtration fraction, and that these higher
tissue oxygen tensions result in decreased renal erythropoietin oxygen consumption and a simultaneous increase renal
production and anemia. oxygen content and partial pressure. The increase in oxy-
gen partial pressure is hypothesized to be the connecting
link between a renal failure decrease in filtration fraction
The kidney is the major source of erythropoietin and decreased EPO. The purpose of this study was to
(EPO) production in the adult mammal and therefore test the compatibility of the simulation model with physi-
plays an important role in the control of erythropoiesis. ological reality in anesthetized rats. Our experimental
Clinically, it is well known that chronic renal failure is data support the general contention of the simulation
associated with anemia and that this anemia is due, at that an elevation of local oxygen content of partial pres-
least in part, to an inadequate production of EPO by sure is a regulator of EPO formation in response to
the diseased kidney. Use of pharmacological doses of alterations in filtration fraction.
EPO to treat the anemia of chronic renal failure has
METHODS
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rectae on renal oxygen and carbon dioxide tensions [3]. for two minutes at a depth of approximately 1 mm. Then
the electrode was advanced deeper into the kidney pa-For the purpose of the current study, a version of this
simulation program that previously had displayed oxy- renchyma to just beyond 4 mm. The electrode was then
backed out slightly (50 ) allowing it to “float” in thegen tensions within the kidney was used, as the renal
metabolic rate was allowed to vary to model manipula- outer medulla.
tion of the filtration fraction. The assumption was that
Renal blood flowchanges in filtration fraction (or filtration rate since
blood flow was held constant) mandated a proportional After anesthetizing the rats with pentobarbital (50
mg/kg, IP), the left renal artery was exposed carefullychange in oxygen utilization. As in the previous publica-
tion [3], simulations were produced within the program through the flank incision. A 2-mm-ID Doppler flow
probe was positioned around the artery. The signal fromMatlab (The MathWorks Inc., Natick, MA, USA) and
printed using SIGMAPLOT (SPSS, Inc. Chicago, IL, the left renal artery flow probe was transduced and am-
plified with a Valpey-Fisher (model VF-1; Hopkinton,USA).
MA, USA) pulsed Doppler flow system. The data were
Animals collected on a personal computer using TestPointV3
(Capital Equipment Corporation, Billerica, MA, USA)Male Sprague-Dawley rats weighing 250 to 270 g were
subjected to sham or remnant kidney surgery as reported software. Blood flow (Q) was calculated using the rela-
tionship, Q  1.25 d2 f, where d is the vessel’s insidepreviously [4]. Rats were anesthetized with pentobarbital
(50 mg/kg, IP). The left kidney was exposed and exteri- diameter in millimeters (assumed to be 1.75 mm based
on the probe geometry) and f is measured in KHz [5].orized through the left flank incision. The upper and
lower branches of the renal artery were isolated and
ELISA assay for erythropoietinligated leaving the middle branch intact. The right kidney
was exposed and exteriorized through the right flank The general method for enzyme-linked immunosor-
bent assay (ELISA) for EPO was followed from the Lifeincision. All branches of the renal artery and ureter were
ligated prior to the removal of the right kidney as a Technologies Inc. (Rockville, MD, USA), with slight
modifications. EPO was measured using the rabbit anti-whole. Both wounds were closed in layers. Sham oper-
ated rats were handled in the identical manner except serum raised against recombinant human erythropoietin
(rhEPO; Research Diagnostics Inc., Flanders, NJ, USA).that no ligations were performed. Rats were allowed
to recover for six to eight weeks before physiological Microtiter plates (Maxisorp, Fisher, Chicago, IL, USA)
were coated with EPO concentration ranging from 0.25measurements were made. During recovery rats were
housed in standard conditions and provided food and to 2.0 ng or 150 L of rat plasma. After incubating the
plates at 37C for two hours, the plates were washedwater ad libitum.
three times with Tris-buffered saline, pH 7.2 containing
Renal pO2 measurements 0.05% Tween 20 (TBS-T) and then incubated with 200
L of 1% bovine serum albumin (BSA; Sigma, St. Louis,Renal pO2 was measured with a needle electrode (No.
758-25; Diamond General Corp., Ann Arbor, MI, USA) MO, USA) for two hours at room temperature to block
non-specific binding sites. After washing the plates threeand a microprocessor as previously described [3]. All
data were visualized on the LED display of the micropro- times with TBS-T, the plates were incubated with 100
L containing 100 ng of anti-rabbit serum (Researchcessor. Rats were anesthetized with sodium pentobarbi-
tal (50 mg/kg). The left kidney was exposed and exteri- Diagnostics) raised against rhEPO overnight at room
temperature. The unbound antibody was removed withorized through a flank incision. The kidney was covered
with Parafilm and warm saline to maintain kidney sur- three washes of TBS-T. The plates were then incubated
with 100 L of anti-rabbit IgG (Sigma), conjugated toface temperature. The needle electrode was controlled
with a micromanipulator and access to the renal cortex alkaline phosphatase (1:30,000) for four hours at room
temperature. After incubation the plates were washedand medulla was facilitated by cutting a small opening
in the Parafilm. With remnant kidneys, the cortex was three times with TBS-T followed by one wash with TBS.
The alkaline phosphatase activity in the plates was mea-punctured at sites distinct from the scars that were pres-
ent on both the upper and lower poles of the kidney. sured using the ELISA amplification system (Life Tech-
nologies) according to manufacturer’s protocol.One milliliter of warm, isotonic saline was placed in the
abdominal cavity. The reference electrode was placed in
Determination of renal EPO content by Western blotthe abdominal cavity to complete the electrical circuit.
Calibrations of pO2 electrodes were made each day, both Kidneys were homogenized in ice-cold buffer pH 7.4
(25 mmol/L imidazole, 1.5% Triton X-100, and proteaseprior to and at the end of an experiment, using oxygen-
saturated, 37C saline (21% oxygen) and a 100% N2 in inhibitors). Homogenates were then centrifuged at 40C
at 12,000  g for 15 minutes. An aliquot of the superna-37C saline (0% oxygen). pO2 was measured in the cortex
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Table 1. Comparison of rats bearing remnant kidneys
with sham treated rats
Sham (N) Remnant (N)
Weight g 56313 (12) 5489 (17)
Kidney weight total, g 3.630.12 (12) 2.770.18a (17)
Kidney weight left, g 1.860.07 (12) 2.770.18a (17)
Serum creatinine mg/dL 0.240.02 (12) 0.490.02a (8)
Renal blood flow mL/g kw 2.030.18 (12) 1.970.21 (8)
Data shown as mean  SEM.
a P  0.01 vs. Sham treated rats
RESULTS
Model of oxygen tensions along the nephron
For the purpose of this simulation, we assumed that
virtually all renal oxygen consumption resulted from so-
dium transport, and that decreases in filtration caused
proportional decreases in oxygen consumption. The rate
of oxygen consumption was set at 16 mol/min/kidneyFig. 1. Simulation of oxygen tensions within the kidney as filtration
fraction falls. Assumptions made for this simulation are detailed in the when the filtration fraction was 0.20. The filtration frac-
text. tion was then varied from low (0.01) to high (0.20), while
keeping both the vasa rectae blood flow fixed at 1.5 mL/
min and the gas exchange rate fixed at 1  10	6 mmol/
min/torr [3]. Figure 1 shows operation of this model as
tant was removed and its protein content was determined a function of changes in filtration fraction. The model
[6]. After solubilizing the proteins in sample buffer (2% predicts an inverse relationship between filtration frac-
SDS, 5% 
-mercaptoethanol, 10% glycerol, 0.005% bro- tion and oxygen partial pressure at any position from
mophenol blue and 10 mmol/L Tris-HCl, pH 7.0), the surface to core of the kidney.
proteins were resolved as described by Laemmli [7] on
a sodium dodecyl sulfate-polyacrylamide gel electropho- Renal physiological measurements
resis (SDS-PAGE) using 12% gel. The proteins were There was no difference in weight at the time of study
transferred to PVDF membrane following the method of in rats subjected to partial nephrectomy or sham surgery.
Towbin, Staehelin and Gordon [8], and immunoblotted The remnant kidneys underwent hypertrophy, growing
with mouse anti-human EPO (Research Diagnostics). to sizes intermediate between the normal left kidneys
The immunoreactive products were visualized with horse- and normal two kidney weights. In the rats bearing rem-
radish peroxide conjugated to goat anti-mouse IgG (Sigma) nant kidneys, the serum creatinine was increased 104%
using an enhanced chemiluminescence system (Amer- compared to normal animals (P 0.01). However, renal
blood flow to the remnant kidney was quite similar tosham, Arlington Heights, IL, USA). The images of the
that of normal kidneys when normalized per kidneyimmunoreactive products were quantified with a Molec-
weight (Table 1).ular Analyst software program (Bio-Rad, Hercules, CA,
Hematocrit values were 23% lower in the rats bearingUSA).
remnant kidneys than the sham treated rats (P  0.01).
This corresponded to 39% lower tissue EPO concentra-Serum creatinine measurement
tions measured with Western blot (0.61 0.03 vs. 1.00The plasma creatinine concentration was measured
0.06 relative protein content, P  0.01) and 52% lower
using the Jaffe reaction employing a kit obtained from
plasma levels of EPO measured with ELISA (17.4  0.9
Sigma Diagnostics according to manufacturer’s instruc-
vs. 8.4  1.7 mU/ml, P  0.01) in the rats subjected to
tions (Procedure No. 555). partial nephrectomy as shown in Figure 2. The oxygen
tensions measured in both cortex (1 mm depth) and
Statistical analysis medulla (measured at 4 mm depth) were both about
Data between partial nephrectomized and sham oper- 73% higher in the remnant kidneys as compared with
ated rats were compared using the unpaired Student t sham treated rat kidneys (64.9  3.2 vs. 39.6  2.1 in
test [9]. Statistical analysis was performed using SIG- cortex, 40.6  2.2 vs. 24.5  1.1 in medulla; both P 
0.01; Fig. 3).MASTAT software (SPSS, Inc.).
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Fig. 3. Tissue oxygen tensions in cortex and medulla of 17 remnant
(PNx; ( ) and 12 sham treated () rats. Data are expressed as mean
SEM; *P  0.01 vs. sham treated rats.
wrong. That is, renal oxygen tensions were higher in
the remnant kidneys compared to controls. This finding
corresponded to the observation that both EPO content
of the kidney and plasma EPO levels were diminished
in the rats subjected to partial nephrectomy.
An analysis of the renal function (SCr) and renal blood
flow of these animals supports the concept that the filtra-
tion fraction is considerably reduced in these rats. As-
suming that creatinine excretion is comparable between
the remnant and sham treated rats and that the plasma
creatinine measurement reflects primarily creatinine andFig. 2. Hematocrit (bottom), plasma erythropoietin (EPO) concentra-
tion (middle) and tissue EPO content from Western blot (top) from not non-creatinine, the filtration fraction was approxi-
remnant (PNx) and sham treated rats. Data expressed as mean SEM. mately 36% reduced in the remnant kidney rats. This
For hematocrit determinations, N  17 remnant kidney rats and N 
phenomenon, if transmitted to effects on oxygen con-12 control rats were studied. For the plasma and tissue EPO concentra-
tions, N  6 remnant and N  6 sham rats were studied (in duplicate); sumption, would predict the higher oxygen tensions that
*P  0.01 vs. sham treated rats. we observed in both cortex and medulla. Moreover, if
the plasma creatinine values are “contaminated” by non-
creatinine chromagens that do not reflect the glomerular
filtration rate [16], it is likely that the filtration fractionDISCUSSION
is even more reduced in the remnant kidneys. AlthoughThe relationship between oxygen delivery to the kid-
some hemodynamic alterations that accompany reduc-ney and renal EPO production has been known for some
tion of renal mass may increase the single nephron glo-time [10–13]. However, prior to the present study, there
merular filtration rate (SNGFR) [17], filtration fractionwas no clear consensus as to what chronic renal failure
does appear to fall in this model of chronic renal failuredid to renal oxygenation. Khan and coworkers studied
[18]. Our laboratory has also previously reported de-a mouse model of chronic renal failure and found that
creases in filtration fraction with the renal blood flowa nitroimidazole compound binding selectively to cells
measured using an electromagnetic flow probe [4]. Itundergoing anaerobic metabolism also selectively binds
follows that depending on the amount of increase into proximal tubule cells, whereas it does not bind in this
filtration fraction, this concept can accommodate a cer-region in normal kidneys [14]. Our previous study in
tain amount of mitochondrial uncoupling and/or “hyper-rats discovered that oxygen consumption is increased in
metabolism.” Note that this explanation in no way con-remnant kidneys, and that uncoupling oxidative phos-
tradicts the nearly universal finding of an increase inphorylation is found in mitochondria derived from these
SNGFR in this model [17, 18]. We are simply saying thatkidneys [4, 15]. From these results we speculated that
the increases in renal blood flow (RBF) per nephronoxygen tensions in remnant kidneys should be lower
exceed the increases in SNGFR.than in normal kidneys. Our direct measurements in the
current study demonstrated that this speculation is likely We should stress that our observation does not exclude
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